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NOMENCLATURE 

al ,a2 *a3 Denote constant terms ubed to calculate R 

ALPHA-MODEL, am Model angle of attack, deg 

ALP'&-PREBEND Sting prebend, deg 

aPHA- SECTOR, as Tunnel sector angle, deg 

b Model wall thickness, ft 

CONSTANT SET Identification of thermocouple hookup 
(see Table 1) 

Btl' Model wall specific heat, i b a  

C.R. Center of rotation 

DELTABF, DABF Body flap deflection angle, Qeg 

DELTAE, DAE Elevon deflection angle, deg 

DELTASB, DASB Speed brake deflection angle, deg 

DTUDT, dTW/dt Derivative of the model wall temperature 
with respect to time, OR/sec 

FS Full scale 

GROUP Identificatioc number for each tunnel injection 

H (TAW) Heat-ttansfer coefficieot, 

QDOT 9 Btu 
2 TAW - TW f t -secOR 

Heat-transfer coefficient, 

QDOT, Btu 
2 TO - TW ft -sec-OR 

Heat-transfer coefficient, 

QDoT v -- Btu 
2 

(0.95TO)-TW ft -8ec-"R 

Heat-transfer coefficient, 

QDOT, Btu 
2 (RT0)-TW ft -eec-OR 



HREF , HREF-FR Reference heat-transfer coefficient based 
2 

on Fay-Riddell theory, Btulf t -sec-OR 

8 . 1 7 1 7 3 ( ~ 0 1 ) ~ * ~ ( ~ ~ - 0 ) ~ * ~ [ 1  - (P-INPIPOI)] 0.25 HREF = - 
(Woo5 (TO) 

0.15 

x 10.2235 + 0.00001 35 [TO + 5601 1 

L Axial reference length, in. (see Fig. 2) 

Me Mach number at boundary layer edge 

MACH NO. , MOD Free stream Mach number 

MODEL Model configuration 

Viscosity conditions based on stagnation 

temperature, lbf-seclft 
2 

MU-INF Free-stream viscosity, lb-sec:ft 
2 

OTS Orbiter, external tank, and both solid rocket 
boosters 

OT Orbiter and external tank 

P-INF, pm Free-stream pressure, psia 

Po* Po Tunnel stilling chamber pressure, psia 

Stagnation pressure downstream of a normal 
shock, psia 

Heat-transfer rate, wbc (DTWDT) , 
2 P 

Btulf t -eec 

Q-INF, q,,, Free-stream dynamic pressure, psda 

r Recovery factor 

Radius or analytical temperature ratio, 
TAW / TO 

RN Reference nose radius, ( 0.01 75 f t) 

REIFT Free-8tream Reynolds number per foot, it-' 

RHO-INF Free-r tream denri ty , lhlf t 3 

ROLL-MODEL Model roll angle, deg 



SRB Solid Rocket Booster 

STFR 

STFR = 

Theoretical stagnation point Stacton 
number for 6 0.0175-ft (1 scale foot) 
radius sphere calculated from Fay-Riddell 
theory 

EIREF 
(RVO-INF) (V-INF) l0.2235 -b 0.00001 35(TO + 560)I (32.174) 

SWITCH POSITION 

T 

TAW 

TC-NO, TIC 

T-INF 

To, *o 

TW 

V-INF 

W 

X 

YO 

XIL 

YAW 

B 

9,  THETA 

Designates the position of the thermocouple 
selector switch 

Time from start of model injection cycle, 
sec 

Temperature, OR 

Adiabatic wall temperature, OR 

Thermocouple 

Free-stream temperature, OR 

Tunncl stilling chamber temperature, OR 

Model irall temperature, OR 

Free-stream velocity, f t/sec 

Model wall density, lbmlf t 
3 

Axial coordinate, in. (see Fig. 2) 

Orbiter lateral coordinate, in. (see Fig. 2) 

Thermocouple axial location as a ratio of 
model length from model nose tip 

Model yaw angle, deg 

Angle of sideslip, equal to negative yaw 
angle, deg 

Ratio of epecific heat 

Local surface angle of attack, deg 

Combinarian of model roll angle and 
0 or $, deg 

External tank angular raearurement, drg 



Subscripts 

e 

1 

0 

S 

T 

Q) 

Local model deflection angle, deg 

Orbiter angular measurement, deg 

Sclid rocket booster angular measurement, deg 

Flaw properties at boundary layer edge 

Initial conditions 

Orbiter 

Solid Rocket Booster 

External tank 

Free-stream flow properties 



1.0 INTRODUCTION 

The work reported herein was conducted a t  the  Arnold Engineering 
Development Center (AEDC) , A i r  Force Systcme Command (AFSC) , by ARO, 
Inc., AEM: Division (a Sverdrup Corporation Company), contract  operator 
of AEDC, APSC, Arnold A i r  Force Stat ion,  Tannesoee. The work w a r  
sponsored by the  Johnson Space Center (NASA-JSC(ES3)), Houeton, Teitas, 
under Program Element 921E-01. R o c b e l l  In te rna t iona l  (RI), Space 
Division, Downey, California  was responsible f o r  test planning and da ta  
analysis.  The project  monitor f o r  NASA-JSC(ES3) was Mrs. Dorothy B. Lee 
and the test engineer fo r  Rockwell International was Mr. J i m  Cumings. 

The t e s t  was conducted i n  the  40-in. Supersonic Wind Tunnel (A) a t  
the von Karman Gas Dynamics Fac i l i t y  (VKF) during the  period April  19-26, 
1978, under ARO Project  Nupber V41A-W5. Datc were recorded a t  Mach 
numbers 3 and 4 a t  f r e e  otream un i t  Reynolds numbers of 3.7 x lo6 and 
4.1 x 106 per foo t ,  respectively.  The model angle of a t t ack  varied from 
-5 t o  5 deg with model yaw angles varying from -9 t o  9 deg. 'Rro model 
configurations; the OTS configuration composed of the  f u l l y  integrated 
model with the o r b i t e r ,  external  tank (ET) m d  both s o l i d  rocket boosters 
(SRB), and the OT Configuration consis t ing of t he  o r b i t e r  and the ex te rna l  
tank, were tes ted.  

The object ive of the t e s t  was t o  obtain updated supersonic hsat- 
t ransfer  rate d i s t r i bu t ions  on the  Space Shut t le  Vehicle configuration 
VC72-000002F during simulated f i r s t  and second s tage  conditions. Data 
were recorded from lnstrumentation on the  o r b i t e r ,  external  tank and 
both so l id  rocket boosters. 

Copiee of a11 the de ta i iad  test logs have been transmitted t o  
Rockwell Internat ional .  Three copies of the f i n a l  tabulated data  a r e  
being transmitted with t h i s  report  t o  Rock.-211 Internat ional .  A data  
tape w i l l  be transmitted t o  Chr-s lc r  Ccrporcltion Space Division fo r  
t he i r  analysis  under the Dstaman contract .  Inqui r ies  t o  obtain copies 
of the test data  should be directed t o  NASA-JSC(ES3), Kouston, Texas 
77058. A microfilm r e c ~ r d  has been retained i n  the W a t  AEDC. 

2.0 APPARATUS 

Tunnel A is a continuous, closed-cl--it, var iab le  density wind 
tunnel with an au tana t ica l ly  driven flexible-plate-type nozzle and a 40- 
by 40-in. t e s t  sect ion.  The tunnel can be operated a t  Mach numbers from 
1.5 t o  6 a t  maximum stagnat ion pressures from 29 to  200 psia ,  respect ively,  
and stagnation temperatures up t o  750"R (M, = 6). Minimtun operating pres- 
sures  range from about one-tenth to  one-twentieth of the maximum a t  each 
Mach number. The tunnel is equipped with a model i n j ec t i on  system which 
allows removal of the model from the t e s t  sec t ion  while the tunnel remains 
i n  operation. A descr ipt ion of the  tunnel and airf low ca l ibra t ion  infor- 
mation may be found i n  Ref. 1. A ~chema t i c  view of Tunnel A and the model. 
in jec t ion  syrtem is shown i n  Fig. 1,  Appendix A. 



2.2 TEST ARTICLE 

The 60-07s model is a O.Oi75-scale thin-skin thermocouple w d e l  of 
the Rockwell In te rna t iona l  Vehicle 5 configuration. The d e l  - 9- 

plied by Rockwell Internat ional .  A sketch of the Space S h u t t " ~  ~ c c e ,  ted 
d c l  is shown i n  Fig. 2. The model was comtructed of 17-4 . s  mtain, 3 

s t e e l  with a nominal akin thickness of 0.030 in .  a t  the inst;.waentad a t q a s .  
A l l  thenmocouples were spot-welded t o  the t h in  sk in  i m z r  surface.  

Data were obtained for  the  o r b i t e r ,  external  tank, and both rt.: r i g h t  
and l e f t  SRB (as viewed by the  p i l o t ) .  Two model configurations were in- 
vest igated during t h i s  t en t .  The f u l l y  integrated model v i t h  the o r b i t e r ,  
external  tank, and both the r i g h t  and l e f t  SRB was designated the OTS coc- 
f igurat ion.  The OT configuration consisted of only the o r b i t e r  and external  
tank combination with the forward and a f t  SRB attachments i n s t a l l ed  on the 
external  tank. The w d e l  configurations a r e  l i s t e d  under the model headings 
i n  the tabulated data .  

The spike nose t i p  ( ' l bdeg  sharp cone) was i ne t a l l ed  on the  external  
tank, Fig. 3 ,  The external  tank reference length of 32.295 in .  i n  model 
s ca l e  is based on the tank length with the nipple nose attached. Thir 
reference length was retained for  consis tent  values of X/L. 

The inboard elevons on the o r b i t e r  were def lected down 10-dtg through- 
out the t e s t .  The o r b i t e r  speedbrakes and body f l a p  were set a t  zero 
def lect ion.  

Boundary layer t r i p s  were used on the o r b i t e r  and on each SRB t o  
generate a turbulent boundary layer.  The t r i p 8  consisted of 0.020-in.-dim 
b a l l s  spaced on 0.050-Pa. centers  around a form f i t t e d  s t e e l  s t r i p .  The 
t r i p e  were Iocated a t  an XIL of 0.04 on the o r b i t e r  nose and 0.19 on the 
nose of each SR3. The aoea shape on the external  tank e f f ec t i ve ly  tripped 
the boundary layer .  

The i n s t a l l a t i o n  of the OTS configuration i n  Tunnel A is i l l w t r a t e d  i n  
Fig. 4. 

2 . 3  TEST INSTElllIWTATIOEI 

2.3.1 Teat Conditions 

Tunnel A s t i l l i n g  chamber presuurz is measured with a 15-, 60-, 1 s .  
o r  a 300-paid transducer referenced t o  a near vacuum. Bared on periodic 
comparisons with secondary r tandardr ,  the  accuracy (a bandwidth which 
includaa 95 percent of the re r idua ls ,  i . e .  2a deviation) of there  traus- 
duccrs is eetimsted t o  be within 20.2 percent of reading o r  20.015 p r i ,  
whichever is grea te r .  S t i l l i n g  chamber temperature i r  meaaured with a 
copper-constantan thermocouple with an accuracy of 23.P baaed on repeat 
ca l ib ra t ions  (20 deviation).  



2.3.2 Test  Data 

The model temperatures were measured wi th  iron-conetantan thermo- 
couples wi th  an est imated uncer ta in tv  of 10.5 percent .  Data from over 
1000 thermocouples were recorded dur ing the  t e s t .  A ~ e c l a u a d  210 analog- 
to-dl i t a l  conver ter  was used i n  conjunction wi th  a D i g i t a l  Equipment 0 Corp. (DEC) PDP-11 Computer and a DEC-10 Computer t o  record t h e  temper- 
a t u r e  data .  

Data from a maximum of 97 t h e ~ c o u p l e s  can be recorded during each 
tunnel  i n j e c t i o n .  I)relve s e t s  of thermocouples were required t o  accomodahe 
the  l a r g e  number of 'ihermocouples on t h i s  t e a t .  These s e t s  a r e  c a l l e d  
Constant S e t s  i n  the  tabuzated data .  A l i r t  of t h e  twelve Constant S e t s  
is given i n  Tabla I. This list inc ludes  a l l  of the  t h ~ n a o c o u p l e s  t h a t  
were i n s t a l l e d  f o r  the  t e s t .  Severa l  of t h e  l i s t e d  thermocotaples were 
determined t o  be inopera t ive  and these  have been omitted from t h e  tabu- 
l a t e d  da ta .  A t o t a l  of th ree  Constant S e t s  :ould be coanected a t  one 
time. A t h r e e  p08iticiA s e l e c t o r  w i t c h  was ueed t o  s e l e c t  the  d e s i r e d  
Conlrtar: Set  f o r  each i n j e c t i o n .  A new a e r i e s  of thr-:e Constant S e t s  
cuuid be r e a d i l y  connected using quick d i ~ c o n n e c t  thermocouple plugs 
wi th  15 thermocouples per  plug. 

The dimensional loca t ions  of t h e  thermocouples a t  each p o s i t i o n  a r e  
given i n  Table 1. The angular r e fe rence  system f o r  t h e  thenuocouples is 
shown In Fig. 2. It is important t 3  note  ~ i i & t  the  top c e n t e r l i n e  of the  
e x t e r n a l  tank and bot! SRB's i s  the  O-deg loca t ion .  This agrees  with 
the  reference  system w e d  i n  the  IH-72 tes,. 'fi-e .bottom c e n t c r ? i . ~ e  
was used a s  the O-deg p o s i t i o n  on the  IR-41, IP-41A, and IH-4?B t e s t s .  

3.0 TEST DESCRIPTIGN 

She t e s t  w a r  conducted a t  th, f a l l o w h g  nominal conditions: 

Btu 

MACH NO. PO, pa ia  TO, O R  HREF, sec-f -. t2-'R - -.- RE/FT 

3.01 3 7 7 20 0.055 3.8 x 10 6 

Data were obta ined a t  angles  of at tack.  of 0, t2.5, and 25 deg and at 
yaw ang le r  (-0) of 0, i 3 ,  24.5, 2 5 ,  k7.5, and t9 deg. 

A t e s t  d a t a  r-ry showing a l l  cov~figurat ioae  t e s t e d  and the  v a r i a b l e s  
f o r  each is prerented i n  Table 2. 

3.2 TEST PROCEDURE 

3.2.1 General 

I n  the  VltP continuour flow wind ~ i m t c l r  (A, B, C), the    nod el is m u n t e d  
on a s t i n g  support  rechmism i n  an  i n e l a l l a t l o n  tznk d i r e c t l y  undernccth the  



tunnel  t e s t  s e c t i o n ,  The tank is aepar,:ed from the  tunnel  by a p a i s  of 
f a i r i n g  doors and a s a f e t y  door. When c lorod,  the  f a i r i n g  doors,  except 
f o r  a s l o t  f o r  the  p i t c h  s e c t o r ,  cover the  openic: t o  the  tank and t h e  
e a f e t y  door aea la  t h e  tunnel  from t h e  tank area .  Af te r  the  model is ?re- 
pared f o r  a d a t a  run, the  personnel access  door co t h e  i n s t a l l a t i o n  tank 
.is closed,  t h e  tank is vented t o  t h e  tunnel  flow, c b  e a f e t y  and f a i r i n g  
doors a r e  opened, and the  modal is in3ected intt l  t he  a i rs t ream.  A f t e r  
the  d a t a  a r e  recorded,  the  model is r e t r a c t e e  i n t o  the  tank and the  
sequence is reversed with the  tank being vented t o  atmosphzre t o  a l low 
access  t o  t h e  model i n  p r e p a ~ a t i o n  f o r  the  next run. 

3.2.2 Data Acquisi ton 

The i n i t i a l  s t e p  p r i o r  t o  recording the  t e s t  d a t a  was t -  cool t h e  
model uniformly t o  approximately 60°F with  cooled high pressure  a i r .  This 
was accomplished by providing c h i l l e d  air from a vor tex  genera tor  (Hilsch 
vor tex  tube,  Ref. 2 )  t o  a r e t r a c t a b l e  cooling manifold. With the  model 
a t t i t u d e  set a t  zero p i t c h  t h e  cool ing ma1 :fold was poei t ioned around the 
model. Once the  cooling cyc le  was complete the  cool ing manifold was re- 
t r a c t e d  and the  model a t t i t u d e  was es tab l i shed  p r i o r  t o  tunnel  i n j e c t i o n .  
The model was then i n j e c t e d  i n t o  t h e  runnel .  .!hen the  model reached tunnel  
c e n t e r l i n e ,  the  aodel  was inmediarely t r t lns lared forward t o  c l e a r  an  a r e a  
of tunnel  induced shock impingement. The thermocouple outputs  &-.re scanned 
approximately 15 rimes per  second s t a t t i n g  p r i o r  t o  model i n j e c t i o n  i n t o  
the  a i r s t r eam and conttnuing about 5 seconds a f t e r  the  model reached center-  
l i n e .  After  each i n j e c t i o n ,  the  cooling cyc le  was repeated t o  cool the  
model t o  an isothermal a t a t e .  

3.2.3 Data Reduction 

Thc reduction of thin-skin thermocoupl-. d a t ~  normally involvee only 
the ca lo r imete r i c  heat  balance which i n  coe.jfic,ient form is: 

H(TAW) - wbc dTW/dt " 
For t h i s  t e a t  a value  of 0.1 5 TO was s e l e c t e d  f o r  TAW and equation 

( 1 )  can be w r i t t e n  

H(0.95M) = wbc dTW/dt 
0.95TO-TW 

R a d i ~ t i o n  and conduction loesea  a r e  neglected i n  t h i s  hea t  balance and 
d a t a  reduct ion simply requ i res  eva lua t ion  of dTW/dt from the  temperature- 
time c!ata and determination of model ma te r i a l  p r o p e r t i e s .  For the  p resen t  
t e s t ?  r a d i a t i o n  e f f e c t 8  were negl ig22le ;  b w e v e r ,  conduction e f f e c t s  can 8 

be s i g n i f i c a n t  i n  s e v e r a l  regions  of the  modcle. To permit i d e n t i f i c a t i o n  1 
of these  region0 and tr. improve eva lua t ion  of the  da ta ,  the  following pro- 
cedure wan used. 



Separation of va r iab les  and i n t e g r a t i o n  of Equation ( 2 )  asauming 
constant w, b, c and TO y i e l d s  

P ' 

Differentiation of Eq. (3) with respec t  t o  time gives  

H(0.95TO) d ,].95TO - TW, 
wb C, d t  0.35TO - TW 

Since t h e  l e f t  s i d e  of Eq (43 is a constant ,  plot*.ing en 0.9ST0 Pm ~4 
L -L 

versus time w i l i  g ive  a s t r a i g h t  l i n e  i f  conduction & neg l ig ib le .  Thus, 
devia t ion from a s t r a i g h t  l i n e  can be i n t e r p r e t e d  a s  conduction e f f e c t s .  

The d a t a  were evaluated i n  t h i s  manner, and general ly  a Linear por t ion 
of the curve was used f o r  a l l  ther;ocouples. A l i n e a r  leas t -square  curve 
f i t  of Pn [ ( 0 . 9 5 ~ ~ ~ ) / ( 0 . 9 5 ~ 0 - ~ ) ]  ve rsus  time was appl ied t o  t h e  data .  
"he da ta  reduct ion time was delayed f o r  a l l  thermocouples that wers in- 
fluenced by the  tunnel induced shock u n t i l  ihey had c leared t h i s  region. 
The thermocorlples on the  ex te rna l  tank and both SRB's with an X/L g r e a t e r  
than 0.9 were reduced s t a r t i n g  3.3 aeconds a f t e r  cen te r l ine .  The thermo- 
couples with an X/L g r e a t e r  than 0.2 an t h e  external tank and an  X/L 
g r e a t e r  than 0.113 on each S?d but  not exceeding an XIL of 0.9 were reduced 
s c a r t i n g  a t  2.6 second@ a f t e r  c e n t e r l i n e .  The remaining thermocouples o a  
t h e  ex te rna l  tank and each SRB vero  reduced s t a r i i n g  a t  cen te r l ine .  The 
therm~couples  on t h e  o r b i t e r  with an  X/L g r e a t e r  than 0.055 J e r e  reduced 
s t a r t i n g  3t 2.6 s;:xds a f t e r  c e n t e r l i n e .  A l l  o the r  thermocouples on the  
o r b j t e r  were reduced s t a r t i n g  a t  c e n t ~ ~ i ~ n e .  The curve f i t  extended f o r  
a time span which was a func t ion  of t h e  hea t ing  rats, a s  shown on the  
following l i a t .  

Range No. of Points  ( F i t  Lengthj 



The above t i m e  npans were adequate t o  keep the  evaluation of the 
r i gh t  s i de  of Eq. (4) within the l i nea r  region. The l i n e a r i t y  of tha f i t  
was substant ia ted by v i sua l  inspection of the cases i n  question. Thir 
v i sua l  check of the data  wae done on the  VKF graphics terrrinal. S t r i c t l y  
speaking, the value of c f o r  the  mater ia l  vaa not conatant, and the  fol-  
lobing r e l a t i on  P 

c - 0.0797 + (5.556 x to-') RI, (1 7-4 PH . rainless s t e e l )  B t u / l h O ~  (5) 
P 

was used with the value of TW a t  the midpoint af the curve f i t .  The meximum 
var ia t ion  of c over any curve f i t  was l e s s  than 1.2 percent. The value of 

P 
density used f i r  17-4 PH s t a in l ea s  steel was 

3 . 3  ADIABATIC WALL TEMPERATURE 

The maximum ava i lab le  tunnel s tagnat ion temperature f o r  each Mach 
number tes ted  is !isted i n  Section 3.1. Yith these r e l a t i ve ly  lW stag- 
nation temperatures, the difference between the made1 wal l  temperature 
and recovery temperature was generally small i n  regions of peak heating. 
This m a l l  temperature difference cazlses the  ca lcu la t ion  of the heat- 
t ransfer  coef f ic ien t  t o  be very s ens i t i ve  t o  deviations from the ac tua l  
adiabat ic  wall temperature. lbo  values of the heat- t ransfer  coef f ic ien t  
have been calculated based on an assumed constant recovery temperature, 
nnnely H(T0) and H(0.95TO). To account for  changes i n  the recovery tem- 
perature a th i rd  value of the  heat- t ransfer  coef f ic ien t  has been tabulated 
based on an ana ly t i ca l  temperature r a t i o ,  R = TAWITO. 

The ana ly t ica l  method f o r  determining R was developed by Rockwell 
Internat ional  and has been u ~ e d  to  ca lcu la te  H(RT0). In  t h i s  method, 
the following relat ionships  were assumed: 

TAW R = - TO 

and 

r = 0.898 f o r  turbulent  f '  JW 

with r being the recovery f ac to r  and the  subscr ipt  e ident i fying loca l  
propert ies  a t  the boundary-layer edge. Prom these re la t ionsh ips ,  the tem- 
perature r a t i o  can be defined a s :  



which is  a funct jon of the  recovery f a c t o r  and th?  l o c a l  Pkrch number. 
The l o c a l  Mach number can be w r i t t e n  

where ~0 i d e n t i f i e s  t h e  free-stream proper ty  and 6 is the  l o c a l  su r face  
angle of a t t a c k .  

The l o c a l  Mach number can be approximated by using tangent cone flow 
theory, and was used i n  Equation (8) t o  g ive  R ~s a funct ion of X, 4nd 6. 
Calcula t ions  of R were made f o r  s e v e r a l  values  of and 6, and t h e  r e s u l t s  
were curve f i t  by Rockwell In terr ia t ional .  The following equation iesult@d 

where a 1' a2' a3 a r e  csns tan te  f o r  a p a r t i c u l a r  Mach number. The values  
of a l ,  a2 ,  a3 used f o r  t h i s  test a re :  

Standard matr ix  techniques,  Ref. 3, were used t o  de r ive  t h e  follow- 
ing r e l a t i o n s  fox 6 ,  as app l icab le  t o  t h e  model geometly. 

6 = a r c s i n  ( s i n  A cos as + co. A cos E s i n  a s ) ,  deg (11) 

where E = r o l l  model + (8 + 180)' deg; f o r  ex te rna l  tank 

E = r o l l  model + ($ + 180), deg; f o r  l e f t  SRB 

E = r o l l  model + (180-JI), deg; f o r  r i g h t  SRB 

Additional information would have been required per ta in ing  t o  the  
d i r e c t i o n a l  cosines a t  each thermocouple loca t ion  t o  c a l c u l a t e  6 on t h e  
o r b i t e r .  This would be necessary s i n c e  the  o r b i t e r  model is not  aym- 
m e t r i r a l  about t h e  a x i a l  cen te r l lnc .  However, t h i s  a d d i t i o n a l  lnforma- 
t i c n  was not a v a i l a b l e  so  a modified approach was se lec ted .  The equations 
f o r  ca lcu la t ing  6 f o r  t h e  var ious  thermocouples on the  o r b i t e r  model are 
shown i n  Table 3. 

The method used t o  c a l c u l a t e  t h e  a n a l y t i c a l  temperature r a t i o ,  R has 
been appl ied t o  a l l  of the  tabula ted data .  The mathod represeuta  a aim- 
p l i f i e d  approach t o  present  a more r e a l i s t i c  evaluat ion of TAW. However, 
i n  regions of separated flow o r  complex i n t e r a c t i o n ,  the  values ca lcu la ted  
f o r  R may no longer apply and should be ured wi th  extreme care .  



3.4 UNCERTAINTY OF MEASUREMENTS 

3.4.1 Test Conditions 

The accuracy 3f the basic measurements (po and Tc) was diocuraed in 

Section 2.3. Based on repeat calibrations, these errors were found to 
be 

Uncertainties in the basic tunnel parameters po and To (see Section 

2.3) and the two-sigma deviation in Mach number determined from test section 
flow calibrations verc used to estimate uncertainties in the other free- 
stream properties, using the Taylor series method of propagation, i. e. 

where AF is the absolute uncertainty in the dependent parameter 
F - P(X,, X2, X3 ... Xn) and Xn is the independent paresecer (or basic 
measurement). Mn is the uncertainty (error) in the independent wasure- 

ment (or variable). 

r ~ e  computed uncertainties in :he tunnel free-streaq conditions are 
eunmurieed in the following table. 

Uncertaint:. (2) percent ofactual value 

*, M .  9.m - - - ,,-, . RE/FT pap 

3.0 0.6 2.6 1.4 1.2 

The uncertainty in model angle of iitzack (ALPHA-MODEL), as determined 
from tunnel sector calibration a& consideration for pcdnible sting deflec- 
tions, is estimated to be 20.5 deg. 

i 
3.4.2 Test Data I 

Estimated uncertaintie8 in w, b, c 1% Eq. (2) combined with computed 
uncertait:tisi for (dTW/dt)/ (0.9STO-TW) 'in the Taylor series method of error 



p r o p a g a t i o ~  gave the  following u n c e ~  t a i n t i e s  i n  the  heat-transf cr coef- 
f i c i e n t  :or t 3 e  l i s t e d  range of vzlues:  

H(0.95TO), Btu .- 

f  t 2 - s e c 0 ~  .- Uncertainty,  percent(') 

1 0 ' ~  9.5 

1  o - ~  11 

1  o - ~  12 

The i-atn were de le ted  from t h e  r e s u l t s  f o r  thermocouples which cotmist- 
e n t i y  exceeded t h e  above quoted uncer ta in t i es .  

4.0 DATA PACKAGE PRESENTATION 

Convective heat- t ransfer- race  E i s t r i b u t i o n s  were obtained on a  
0.0175-scale model of t h e  Space Sbt".le In tegrated Hodel. Q p i c a l  d a t a  
t abu la t ions  a r e  i l l u s t r a t e d  i n  Fig. 5. The f i n a l  tabula ted d a t a  were 
t ransmit ted wi th  t h i s  r e p o r t  t o  NASA-JSC and Rockwell In te rna t iona l .  

Representatlve d a t a  from t h e  top c e n t e r l i n e  of t h e  e x t e r n a l  tank 
(8 = 0 deg) a r e  prceenred f o r  a  f r e e  ?cream Mach number of 3.01 and 4.02 
in  Figs. 6 and 7 ,  ~ e s ? e c t i v e l y .  ?'h~=ze d a t a  were obtained wi th  the  model 
i n  the  OTS conf igurat ion.  The l o c a t i m  of the  o r b i t e r  nDse and each 
SRB nose is located on each fig::-.-.? terms of the  X/L f o r  t h e  ex te rna l  
tank. The t h e o r e t i c a l  d a t s  i c -  em;. Nach number is based on the  ex te rna l  
tank a lone with no protuberances.  rhe  t h e o r e t i c a l  d a t a  v e r e  derived by 
using c a l c d a t i o n s  described i n  Refs. 4 and 5. I n  general ,  t h e  d a t a  a r e  
i n  good Jgrem,eat  wi th  t h e  t h e o ~ e t i c a l  values on the  ogfve s e c t i o n  of the  
e x t e ~ u e l .  tank a t  both Mach nmbers .  i n  t h i s  region t h e  flow is not d is-  
turbed by the  o ther  model cmponenrs and c lose ly  approximates t h e  assump- 
t i 0 3 2  e t a t e d  f o r  the  t h e o r e t i c a l  ca lcu la t ions .  The t rend toward t h e  junc- 
t i o n  of the  nose ogive with t h e  c y l i n d r i c a l  body has been cons i s ten t ly  
obeer:r~d on the  ex te rna l  tank but is not  adequately predic ted by t h e  
theory. The 2ata  agreement with t h e  d a t a  from a  previous t e a t ,  (IN-72) 
is general iy  very good f o r  both Mach numbers. The agreement with theo- 
r c t i c c l  heat - t ransfer- ra te8 and wi th  previous d a t a  is considered as 
edeqaate f o r  v a l i d a t i o n  of t h e  b a s i c  t e s t  r e s u l t s .  
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APPENDIX A 

ILLUSTRATIONS 







A l l  Dimensions i n  Inches 

Fig. 3 External Tank Nose Tip Configuration 
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APPENDIX B 

TABLES 



I TABLE 1 THERMOCO~LE CONSTANT SETS 

I -- 
" h a  T/C No. 

1 615 

2 616 

3 617 

q 618 

5 619 

6 620 

7 621 

8 622 

EXTERNAL TANK 

. CONSTANT SET 111 

T/C 
- 

696 

OPE: 

OPE: 

699 

700 

70 1 

7 02 

703 

704 

705 

706 

707 

708 

709 

7 10 

711 

7 12 

OPEN 

OPEN 

715 

7 16 

717 



TllBLE 1 . Cont h u e d  
EXTERNAL TANK 

. CONSTANT SET 122 



- 
Ch . 
No. - 
1 

2 

3 

4 

5 

6 

7 

8 

9 

1C 

1 1  

12 

13 

14 

15 

16 

17 

18 

19 

28 

2 1 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

TIC 
-- 
2 186 

2 187 

2 188 

98 5 

986 

98 7 

988 

9s 2 

990 

991 

992 

993 

994 

OPEN 

995 

0'9 EN 

OPEN 

OPEN 

2000 

2001 

2 002 

2003 

2004 

OFEN 

2 00 3 

2006 

2C07 

2 003 

2009 

2010 

OPEN 

OPEd 

OPEN 

TABLE 1. Continued 

EXTERNAL TANK 

CONSTANT SET i33 - 
Ch 
No. - 
66 

67 

68 

69 

70 



"ABLE 1 .  C o n t i n u e d  
EXTERNAL TANK 

CONSTANT SET 211 

- ~ 

2 120 

2121 

2 122 

2 123 

2 124 

2125 

OPEN 

2 127 

2 128 

2 12s 

2 130 

2131 

2 132 

2 133 

2 134 

2 135 

2 136 

2 137 

2 138 

2 139 

2140 

2141 

2142 

2143 

2 144 

2145 

2 146 

2147 

2 148 

2 149 

2 150 

2131 

WEN 

2158 

OPEN 

2 160 

2 16 L 

2 162 

2163 

2 164 

OPEN 

2 166 

2167 

2 168 

2 169 

2 170 

2171 

2 172 

2173 

2 174 

2 175 

2 176 

600 

601 

6 02 

603 

6 04 

605 

6 06 

2094 

2095 

2096 

2057 

2098 

2099 

2 100 

2101 

2 102 

OPEN 

2 104 

2105 

2 106 

2 107 

2 108 

2 109 

2110 

2 111 

2 112 

2 113 

2 114 

2115 

2 116 

2 117 

2118 

2 119 



.-- 

TIC 

. TABLE I .  C o n t i n u e d  

EXTERUL TANK AND RIGHT SRB 

. CONSTANT SET 222 

Ch. T/C N o .  
-. 

34 1524 

35 1525 

36 1526 

37 1527 

38 1528 

39 1529 

4 0  1530 

.I' 1531 

42 1532 

. 1533 

4 6 :  I F  

- 
TIC 
- 
1551 

155' 

1551 

155! 

156( 

156 

156: 

156, 

1564 

156 

1561 

156' 

156: 

1561 

1571 

OPFl 

OPE; 

OPE; 

1574 

157 

* 
8 Appliea through Channel 8, $ r tartr  

2 9 
with ChmxteJ 9 



- 
Ch . 
No. - 

1 

2 

3 

4 
C 
C 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

la 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

- 
TIC 
- 
OPEN 
227 

228 

229 

230 

2 34 

2 38 

239 

240 

24 1 

242 

3 92 

393 

3 94 

395 

OPEN 

7 

8 

9 

10 

11 

12 

207 

2 01) 

13 

14 

15 

16 

17 

18 

19 

2 99 

300 

J 

TABLE 1. Continued 
ORBITER 

CONSTANT SET 233 

301 

3 02 

OPEN 

304 

305 

306 

308 

309 

310 

311 

OPBN 
3 12 

315 

3 16 

3 17 

3 18 

319 

32 0 

32 1 

322 

32 3 



- 
Ch , 
No, - 

I 
2 
C 

4 
C 
& 

6 

7 

8 

9 

l a  
11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

2 1  

22 

23 

24 

TABLE 1 .  Cont h u e d  
LE-FT SRB 

CONSTANT SET 311 



-- 
Ch . 
No. - 

1 

2 

3 

4 
L . 
6 

7 

i( 

9 

1 a 
11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

20 

31 

32 

33 

-- 

TIC 

1209 

12 1G 

12 11 

12 12 

12 13 

12 14 

12 1E 

12 1s 

12 17 

122C 

122 1 

1222 

1222 

1224 

122 5 

1226 

1227 

1223 

1229 

12 30 

i23 1 

12 32 

1233 

OPEN 

1235 

1236 

1237 

1238 

1239 

OPEN 

124 1 

124 2 

124 3 

TABLE 1. Continued * 
LEFT AND RIGIIT SBB 

CONSTANT SET 322 

1244 

124 5 

1246 

124 7 

17,48 

OPEN 

12 50 

12 51 

12 52 

12 53 

12 54 

OPEN 

12 56 

12 57 

12 58 

12 59 

-260 

126 2 

3PEN 

1263 

1264 

126 5 

1266 

L267 

1268 

1269 

1270 

127 1 

12 72 

1273 

TIC 
- 
1276 

1277 

1278 

1279 

1280 

128 1 

1282 

1283 

1284 

128 5 

1286 

128 7 

1288 

128 9 

1290 

1291 

1292 

1293 

1300 

1302 

1305 

1307 

I 

Thermoccuplee on the  LEFT S.RB (Channelr 1-83), RIGIIT SRB (Channel6 84-97) 

3 2 



-- 
Ch . 
No. - 

1 

2 

3 

4 

5 

G 

7 

8 

9 

10 

1; 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

35 

26 

27 

28 

29 

TABLE 1 .  Continued * 
LEFT AND RIGIIT SRB 

* CONSTANT SET 333 

(Channels 
3 3 

.93 

.4C 

.98 

.98 

.9 5 

I 
.96 

.98 

.99 

.95 

.96 

.98 

.99 

FWD 

YO 

.18 

.186 

,193 

.20 

4.2: 

15.6 

20 

24 .4 

35.6 

4 0  

77.5  

I 
.12.5 

1 
SEP 

)RS 

i 
76 

i 



- 
9 
- 
SEP . 
RS 

I 
277 

t 
263 

90 

I 
95 

I 

TABLE 1. Continued 
RIGHT SRB 

CONSTANT SET 4 11 



T/C 
-- 
208 ti 

2088 

208 7 

2090 

2891 

2092 

2093 

2394 

2095 

2096 

2097 

2098 

2099 

2 100 

2101 

2 102 

DPEN 

2 104 

2 LO5 

2 106 

2 107 

2 108 

2 109 

2115 

2111 

2112 

2 113 

2114 

2 115 

2116 

2117 

2118 

2119 

TABLE 1 .  Continued 
EXTERNAL TANK 

CGNSTANT SET 511 

T I C  

2 120 

2 12 1 

2 122 

2 123 

2 124 

2125 

OPEN 

2127 

2 128 

2 129 

2 130 

2131 

2 132 

2 133 

2 134 

2 135 

2 136 

2 137 

2 138 

2139 

2140 

214 1 

2 142 

2143 

2 144 

2145 

2146 

2147 

2 148 

2149 

2150 

2151 

- 
T/C 
- 
2 15 

215 

2 15 

OPE 

OPE 

OPE 

2 1: 

OF E 
2 16 

2 16 

2 116 

2 16 

2 16 

OPE 

2 16 

2 16 

2 16 

2 16 

2 17 

2 17 

2 17 

2 i 7  

2 L7 

2 17 

2 17 



TABLE 1 .  Coccluded 

EXTERNAL TANK 

CPNSTANT S. < - 
I I 
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Table 3 .  Equations f o r  Calculat ing Local Surface Angle 
o f  Attack on the Orbi ter  a d e l  

6 = x + Yaw 

Orbi  t e r  Thermocouple 
Nlmbero 

Equatf on for 
Calculat ing 6 

- 
I 




